CoFe 2 O 4 /Pb(Zr 0.53 Ti 0.47 )O 3 (CFO/PZT) magnetoelectric composite thin films of 2-2 type structure had been prepared onto Pt/Ti/SiO 2 /Si substrate by a sol-gel process and spin coating technique. The structure of the prepared thin film is substrate/PZT/CFO/PZT/CFO. Two CFO ferromagnetic layers are separated from each other by a thin PZT layer. The upper CFO layer is magnetostatically coupled with the lower CFO layer. Subsequent scanning electron microscopy (SEM) investigations show that the prepared thin films exhibit good morphologies and compact structure, and cross-sectional micrographs clearly display a multilayered nanostructure of multilayered thin films. The composite thin films exhibit both good magnetic and ferroelectric properties. The spacing between ferromagnetic layers can be varied by adjusting the thickness of intermediate PZT layer. It is found that the strength of magnetostatic coupling has a great impact on magnetoelectric properties of composite thin films, i.e., the magnetoelectric voltage coefficient of composite thin film tends to increase with the decreasing of pacing between two neighboring CFO ferromagnetic layers as a result of magnetostatic coupling effect.
I. INTRODUCTION
Magnetoelectric (ME) multiferroic materials, which simultaneously exhibit ferroelectricity and ferromagnetism, have recently stimulated increasing interests for their significant potential applications in the nextgeneration novel multifunctional devices [1, 2] . It has been expected that fluctuations in P (polarization) or M (magnetization) can be activated upon applying external magnetic field H or electric field E, respectively. The development of magnetoelectric thin films has become the subject of considerable attention due to their potential applications in microelectromechanical systems [3, 4] . Because of a large magnetostrictive coefficient of CoFe 2 O 4 (COF) and a good piezoelectric coefficient of Pb(Zr 0.53 Ti 0.47 )O 3 (PZT), COF/PZT composite thin films have stimulated extensive interests [5−8] . Magnetoelectric thin films have three different nanostructures including 0-3 type, 2-2 type, and 1-3 type. In comparison, it is easier to take control of the growth of horizontal heterostructured (so-called 2-2 type structure) thin films. On the other hand, 2-2 type structure can significantly reduce the leakage current by isolating the low resistive magnetic layers with insulating ferroelectric layers [9] . Therefore, 2-2 type composite thin * Authors to whom correspondence should be addressed. E-mail: drxuyudong@126.com, suhailin5@sina.com, Tel./FAX: +86-551-2901362 films have been potential candidates for ME coupling applications.
As the lateral size of layers is reduced, the magnetostatic coupling between ferromagnetic layers, usually neglected in the case of continuous macroscopic multilayer, can become relevant and change the overall magnetic behavior [10] . As the spacing between layers is increased, the magnetostatic coupling strength is reduced and hence at large layer separation, the magnetic properties of films would be identical with that of a single film [11] . Therefore, magnetostatic coupling is an important parameter in the design of magnetic devices. But it was rarely reported how the magnetoelectric properties of composite thin films can be affected due to the magnetostatic coupling between ferromagnetic layers.
In this work, CFO/PZT magnetoelectric composite thin films of 2-2 type heterostructure had been prepared onto Pt/Ti/SiO 2 /Si substrate by a sol-gel process and spin coating technique. The structure is substrate/PZT/CFO/PZT/CFO. Composite thin films with good morphologies exhibit both good magnetic and ferroelectric properties. Varying the thickness of middle PZT layer can in principle, control the strength of magnetostatic coupling in composite thin films. The magnetoelectric voltage coefficient was then measured under different magnetostatic coupling conditions. Xray diffraction (XRD, Rigaku D/max-RB) with Cu Kα radiation was used for phase analysis of the films and powders. Scanning electron microscopy (SEM, Hi- tachi S5500) was used for observation of the film microstructure. Vibrating sample magnetometer (VSM, Lakeshore, Model 7300 series) was used to characterize the magnetic properties of the films. The ferroelectric measurements were performed using a Radiant Technologies Precision Workstation ferroelectric test system. ME effects of the films were measured using a ME measuring device.
II. EXPERIMENTS A. Preparation of PZT starting precursor solution and thin films
The appropriate portions of Zr(NO 3 )·5H 2 O and Ti(C 4 H 9 O) 4 were dissolved in 2-methoxyethanol, respectively. Lead Pb(CH 3 COO) 2 ·3H 2 O was dissolved in acetic acid. Before lead acetate trihydrate and tetrabutyl titanate solution were mixed, appropriate amount of acetylacetone were added into tetrabutyl titanate solution to prevent the formation of precipitation. Then, zirconium nitrate pentahydrate solution was added into above solution and stirred at 80
• C to form PZT starting precursor solution. The mole ratio of Pb:Zr:Ti was 1.1:0.53:0.47. Lead acetate trihydrate with additional 10% was added into the solution to compensate the lead loss during annealing process.
The PZT starting precursor solution was spin coated onto the Pt/Ti/SiO 2 /Si substrate at a spinning rate of 3200 r/min for 30 s. Then, the gel film was successively dried at 150
• C for 2 min and pre-annealed at 350
• C for 2 min. This spin-coating/drying procedure was repeated several times until the required thickness of the films. Finally, the film was annealed at 650
• C for 10 min by a rapid annealing process. Figure 1 shows SEM cross-sectional micrographs of two-layer PZT thin films, the concentration of PZT starting precursor solution is 0.25 mol/L (thickness of each layer is about 40 nm). Figure 2 shows SEM image of the surface of above-mentioned PZT films. The results reveal that the films are crack-free and have compact structure without any pore. 
B. Preparation of CFO starting precursor solution and thin films
The appropriate portions of Fe(NO 3 ) 3 , Co(NO 3 ) 2 , and citric acid (C 6 H 8 O 7 ) were dissolved in ethanol, respectively. Solution of Fe(NO 3 ) 3 and Co(NO 3 ) 2 were first mixed together, then added C 6 H 8 O 7 solution into above solution and stirred continuously to form a CFO starting precursor solution of 0.1 mol/L. The mole ratio of Co:Fe:C 6 H 8 O 7 is 1:2:6. The preparation of pure CFO thin films was similar to PZT. Figure 3 shows SEM images of surfaces of CFO thin films. Based on the SEM results, it can be seen that the CFO film is crack-free and have a compact structure.
C. Preparation of CFO/PZT magnetoelectric composite thin films
Firstly, the PZT starting precursor solution was spin coated onto the Pt/Ti/SiO 2 /Si substrate and annealed at 650
• C for 10 min by a rapid annealing process. After that, the CFO starting precursor solution was spin coated onto the PZT films and annealed at 650
• C for 10 min by a rapid annealing process. The composite thin films were prepared by repeating the above process, with structure of substrate/PZT/CFO/PZT/CFO. Figure 4 shows XRD results of CFO/PZT composite thin films annealed at 650
• C. All peaks can be identified, and there are no additional or intermediate phase peaks apart from CFO and PZT. By varying the concentra- 
III. RESULTS AND DISCUSSION
Pt electrodes were deposited on the composite thin films by a pulsed laser deposition method for ferroelectric measurement. Figure 7 shows the ferroelectric P -E curves of films under the applied voltage of 8 V. A well-defined ferroelectric loops are observed, and the maximum saturation polarization (P s ) and remanent polarization (P r ) reach 17.2 and 5.8 µC/cm 2 at E=17 MV/m.
A vibrating sample magnetometer was used to characterize the magnetic properties of films. The field dependent magnetizations were measured at room temperature by applying magnetic fields perpendicular or parallel to the plane of the films. Magnetic hysteresis loops for the films are show in Fig.8 . The saturation magnetizations of the in-plane and out-of-plane loops are 298 and 272 emu/cm 3 , composite films show relatively large values compared with some other corresponding results. The results also show that the coercivity H c of the composite thin film is the same for both loops. Both the in-plane and out-of-plane loops have similar shapes, this means that the magnetic anisotropy in the composite thin film is not evident, which can be ascribed to the polycrystalline structures of films. Figure 9 shows in-plane magnetic hysteresis loops of different films after magnetization data normalized. Real thickness of intermediate PZT layer, H c and remanence ratio (M r /M s ) of each films are shown in Table I. As the spacing between ferromagnetic layers is decreased which leading to larger strength of magnetostatic coupling, the date of coercivity and remanence ratio are both reduced. This means that the composite films are more easily magnetized, which could be ascribed to the magnetostatic coupling in films. It may because the field that a ferromagnetic layer can be seen in a magnetostatically coupled films is the sum of the applied field and the highly nonuniform field of the neighbouring layers constituting the films [11] .
The magnetoelectric voltage coefficient α E =dE/dH, which is characterized by the induced electric field E under an applied ac magnetic field H (9 V) generated by a pair of Helmholtz coils, was then measured as function of dc magnetic bias H bias for the composite thin films. Both of ac magnetic field and dc magnetic field were superimposed and parallel to the film plane. Frequency of the voltage signal applied on Helmholtz coils was 50 kHz. Figure 10 shows the variation of α E with H bias at a ac magnetic frequency of f =50 kHz. It is clear that the composite thin film exhibits significant magnetoelectric effect which depends on H bias and the spacing between ferromagnetic layers. At H bias =0, each composite film exhibits an initial high α E value , much larger than that of the bulk ferroelectric-ferromagnetic composite which is nearly close to zero [12, 13] , and an optimized H bias of each film can be found to reach the maximum value appears. In addition, when H bias is less than 2.5 kOe, an overall α E decrease with increasing the thickness of intermediate PZT layer from 13 nm to 38 nm. Conversely, at large dc magnetic field, α E is quite similar in different films. The value of initial α E is much larger, when the spacing is minimum. It could be ascribed to the magnetostatic coupling in films. Because of this spacing, magnetostatic coupling strength is maximum. When the spacing between layers was increased, the magnetostatic coupling strength was reduced, and finally the effect can be ignored.
IV. CONCLUSION
CoFe 2 O 4 /Pb(Zr 0.53 Ti 0.47 )O 3 (CFO/PZT) magnetoelectric composite thin films of 2-2 type heterostructure had been prepared onto Pt/Ti/SiO 2 /Si substrate by a sol-gel process and spin coating technique.
Structure of composite thin films is sub-strate/PZT/CFO/PZT/CFO. The finally prepared composite thin films have good surface and a compact structure without any pore, and the composite thin films also exhibit good magnetic and ferroelectric properties. The strength of magnetostatic coupling has a great impact on magnetic and magnetoelectric properties of composite thin films by adjusting the thickness of PZT layer to vary the spacing between ferromagnetic layers. As the magnetostatic coupling strength is increased, the composite films show better magnetoelectric effect. This observations show that magnetostatic coupling can be an important parameter in the design of magnetoelectric devices.
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